Species-specific regulation of herbivory-induced defoliation tolerance is associated with jasmonate inducibility by Machado, Ricardo A. R. et al.
Ecology and Evolution. 2017;7:3703–3712.	 	 	 | 	3703www.ecolevol.org
Received:	24	January	2017  |  Revised:	22	February	2017  |  Accepted:	7	March	2017
DOI: 10.1002/ece3.2953
O R I G I N A L  R E S E A R C H
Species- specific regulation of herbivory- induced defoliation 
tolerance is associated with jasmonate inducibility
Ricardo A. R. Machado1,2,3,† | Wenwu Zhou2,† | Abigail P. Ferrieri1,2 | Carla C.M. Arce4 |  
































Induced	 changes	 in	 root	 carbohydrate	 pools	 are	 commonly	 assumed	 to	 determine	
plant	defoliation	tolerance	to	herbivores.	However,	the	regulation	and	species	speci-
ficity	of	these	two	traits	are	not	well	understood.	We	determined	herbivory-	induced	
changes	 in	 root	 carbohydrates	 and	 defoliation	 tolerance	 in	 seven	 different	 solana-












K E Y W O R D S
herbivory-induced	tolerance,	Manduca sexta,	regrowth	suppression,	root	carbohydrates
1  | INTRODUCTION














might	become	of	 central	 importance	 for	plants	as	 they	allow	 them	 to	
compensate	 for	 the	 negative	 effects	 of	 extensive	 herbivore	 damage	
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(Agrawal	&	Fishbein,	2008;	Machado	et	al.,	2013;	van	der	Meijden,	Wijn,	
&	Verkaar,	1988;	Richards	&	Caldwell,	1985;	White,	1973).
In	 recent	 years,	 the	 increased	 allocation	 of	 photoassimilates	 to-
ward	roots	and	stems	has	been	proposed	to	be	an	 induced	tolerance	
mechanism	that	enables	plants	to	“bunker”	carbohydrates	and	use	them	







respiration,	 and/or	 exudation	 (Barber	 &	Martin,	 1976;	 Clayton	 et	al.,	
2010;	Erb,	Lenk,	Degenhardt,	&	Turlings,	2009;	Ferrieri,	Agtuca,	Appel,	







there	 is	 little	evidence	for	an	 increase	 in	soluble,	nonstructural	carbo-
hydrates	 in	 the	 roots	 (Castrillón-	Arbeláez,	Martínez-	Gallardo,	 Arnaut,	
Tiessen,	 &	 Délano-	Frier,	 2012;	 Gómez	 et	al.,	 2012;	 Machado	 et	al.,	
2013;	Schwachtje	et	al.,	2006;	Steinbrenner,	Gómez,	Osorio,	Fernie,	&	
Orians,	2011).	On	the	contrary,	roots	are	depleted	of	sugars	and	starch	










monate	 signaling	 regulates	 both	 resistance	 and	 tolerance	 traits	 and	
that	 they	might	 be	 subject	 to	 trade-	offs	 (Machado	 et	al.,	 2013).	 In	
contrast,	 another	 study	 found	 that	 Solanum lycopersicum	 plants	 re-
grew	better	when	attacked	by	M. sexta	larvae,	despite	the	herbivore-	
induced	reduction	in	root	carbohydrates	in	this	species	(Gómez	et	al.,	
2012;	 Korpita,	 Gomez,	 &	 Orians,	 2014).	 The	 contrasting	 results	 of	





and	 species	 specificity	 of	 herbivory-	induced	 tolerance	 in	 this	 plant	
family	(Korpita	et	al.,	2014;	Machado	et	al.,	2013;	Xu,	Zhou,	Pottinger,	
&	Baldwin,	2015;	Zavala	&	Baldwin,	2006).	To	this	end,	we	evaluated	
changes	 in	 leaf	 jasmonates,	 root	 carbohydrate	 pools,	 and	 regrowth	
capacity	 in	 response	 to	Manduca sexta	 attack	 in	 seven	 solanaceous	
plant	species.	Manduca sexta	 is	one	of	 the	most	damaging	specialist	
herbivores	 of	 this	 plant	 family	 and	 can	 completely	 defoliate	 plants	
(Campbell	 &	 Kessler,	 2013;	 Kessler,	 Halitschke,	 &	 Baldwin,	 2004;	
Yamamoto	&	 Fraenkel,	 1960).	The	 obtained	 results	 provide	 insights	
into	the	regulation	of	induced	defoliation	tolerance	and	its	variability	
across	closely	related	plant	species.
2  | MATERIALS AND METHODS
2.1 | Plant material
The	 following	 plant	 species	 were	 used	 in	 this	 study:	 Petunia axil-
laris axillaris, Solanum peruvianum	 LA2744,	 Solanum lycopersicum 
LA2696, Nicotiana miersii, Nicotiana pauciflora, Nicotiana attenuata, 
and Nicotiana obtusifolia.	 These	 species	were	 selected	 to	 represent	
four	major	 Solanaceae	 clades	 and	 cover	 both	 intra-	 and	 intergenus	
variation.	Nicotiana attenuata	seeds	were	originally	collected	in	Utah	




the	 tomato	 genetics	 resource	 center	 (TGRC)	 at	Davis	 University	 in	
California	 (USA)	and	propagated	by	bulk	pollination.	Petunia axillaris 
seeds	were	derived	from	a	wild	accession	by	self-	fertilization.
2.2 | Germination and planting conditions
Nicotiana attenuata, N. miersii, N. pauciflora, N. obtusifolia, and P. ax-
illaris	 seeds	 were	 germinated	 on	 Gamborg’s	 B5	 medium	 as	 de-
scribed	 (Krügel,	 Lim,	 Gase,	 Halitschke,	 &	 Baldwin,	 2002)	 (Figure	1).	
Nicotiana attenuata	 seeds	 were	 smoke-	treated	 to	 trigger	 germina-
tion.	 Approximately	 9–10	days	 later,	 the	 seedlings	were	 transferred	
to	Teku	pots	 (Pöppelmann	GmbH	&	Co.	KG,	 Lohne,	Germany)	 filled	
with	 chunky	 sand	 (Raiffeisen	 GmbH,	 Germany)	 for	 12	days	 before	
transferring	them	into	1-	L	pots	filled	with	sand.	Solanum lycopersicum 
LA2696	and	S. peruvianum	LA2744	seeds	were	germinated	directly	in	





(6	a.m.–10	p.m.)	 supplied	 by	Master	 Sun-	T	 PIA	Agro	 400	 or	Master	
Sun-	T	 PIA	Plus	 600	W	Na	 lights	 (Philips,	 Turnhout,	 Belgium).	 Plants	
were	watered	twice	every	day	by	a	flood	irrigation	system	and	were	
fertilized	 daily	with	 0.5	g/L	 Ferty	 B1	 and	 1.0	g/L	Ca(NO3)2	×	4	H2O 
(Planta	Düngemittel,	Regenstauf,	Germany).
2.3 | Manduca sexta- induced changes in regrowth
Upon	M. sexta	attack,	N. attenuata	plants	regrow	less	while	S. lycoper-
sicum	plants	regrow	better	(Korpita	et	al.,	2014;	Machado	et	al.,	2013).	
We	 determined	 whether	 the	 M. sexta-	induced	 changes	 in	 regrowth	
differ	between	different	 species	 that	 are	 grown	under	 similar	 condi-
tions.	All	plants	were	treated	during	the	vegetative	stage	 (Figure	1b).	
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Simulated	M. sexta	attack	and	the	regrowth	capacity	evaluation	were	





















foliated	24	h	after	 the	 last	 treatment,	 leaving	only	 the	 roots	and	 the	
lowest	part	of	the	main	stem	(0.5–10	cm	above	the	shoot–root	junc-
tion).	 Heavy	 defoliation	 is	 commonly	 observed	 under	 natural	 condi-
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a	 proxy	 of	 total	 nonstructural	 carbohydrates	 (Bokhari,	 1977;	 Cook,	
1966;	Smith,	1973;	White,	1973).
2.5 | Manduca sexta- induced jasmonate 
accumulation
Jasmonates	 regulate	 induced	 defoliation	 tolerance	 in	 N. attenuata 
(Machado	et	al.,	 2013).	 To	 link	defoliation	 tolerance,	 root	 carbohydrate	
pools,	 and	 induced	 jasmonate	 levels,	 we	 measured	 jasmonate	 levels	
upon	simulated	M. sexta	attack.	 Induced	jasmonate	 levels	of	N. obtusifo-
lia, N. miersii, N. attenuata, and N. pauciflora	were	reported	in	our	previous	
study	(Xu	et	al.,	2015).	To	complete	this	dataset,	we	measured	jasmonic	
acid	(JA)	and	jasmonoyl-	L-	isoleucine	(JA-	Ile)	levels	in	P. axillaris,	S. lycopersi-
cum, and S. peruvianum.	Jasmonate	measurements	across	all	the	plant	spe-
cies	were	carried	out	following	standard	procedures	as	described	(Anssour	















2.6 | Correlation among M. sexta- induced changes in 
JA levels, root carbohydrates, and regrowth capacity
To	link	the	different	M. sexta-	induced	phenotypes,	we	first	calculated	














determine	 error	 variance	 and	 normality.	 Holm–Sidak	 post hoc	 tests	
were	used	for	multiple	comparisons.	The	effect	of	simulated	herbivory	
on	all	vegetative	and	reproductive	parameters	measured	 in	 regrow-
ing	plants	was	 tested	by	 two-	way	 repeated-	measures	ANOVA	with	
time	and	treatment	as	factors.	The	effect	of	simulated	herbivory	on	






species	 was	 determined	 based	 on	 the	 internal	 transcribed	 spacer	
region	of	nuclear	5.8S	ribosomal	DNA	(ITS1	and	ITS2)	and	a	chloro-
plastic—tRNA-	Leu	 gene,	 intergene	 spacer,	 and	 the	 tRNA-	Phe	 gene	
(trnLF).	 The	 DNA	 sequences	 were	 obtained	 from	 GenBank	 (www.







(Darriba,	 Taboada,	 Doallo,	 &	 Posada,	 2012;	 Guindon	 et	al.,	 2010).	
Using	 the	 constructed	 phylogenetic	 tree	 (Figure	 S1),	 we	 estimated	
the	relationship	between	herbivory-	induced	regrowth	capacity,	 root	




3.1 | The regrowth response upon simulated M. sexta 





ductive	 output	 of	 P. axillaris,	 S. lycopersicum, N. miersii, and N. ob-
tusifolia,	 it	 reduced	 the	 leaf	number,	 branch	 length,	 and	number	of	
flowers	in	S. peruvianum,	N. pauciflora, and N. attenuata	(Figure	2).
3.2 | The root carbohydrate response upon 
simulated M. sexta attack is species specific
Similar	to	the	measured	regrowth	responses,	we	found	neutral	 to	
negative	effects	of	simulated	M. sexta	herbivory	on	root	carbohy-
drate	 pools	 (Figure	3).	 Total	 soluble,	 nonstructural	 carbohydrate	
pool—calculated	as	the	total	amount	of	glucose,	fructose,	sucrose,	
and	 starch—in	P. axillaris,	 S. lycopersicum, N. miersii, and N. obtusi-
folia	 plants	 remained	 unaffected	 by	 leaf	 induction	 (Figure	3).	 By	
contrast,	 a	 significant	 reduction	 in	 total	 root	 carbohydrates	 was	
observed	in	S. peruvianum,	N. pauciflora, and N. attenuata.	One	ex-
ception	was	N. obtusifolia,	in	which	simulated	M. sexta	herbivory	re-
duced	root	glucose	and	fructose	levels,	but	not	total	nonstructural	
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carbohydrates	 due	 to	 a	 slight,	 nonsignificant	 increase	 in	 starch	
levels.	The	only	positive	 response	was	observed	 for	 starch	 levels	
in S. lycopersicum,	 which	 increased	 in	 the	 roots	 of	 leaf-	induced	
plants.	Total	soluble	carbohydrates	were	not	changed	in	the	roots	
of	S. lycopersicum.
3.3 | Jasmonate induction upon simulated M. sexta 
attack varies greatly across plant species
Consistent	 with	 our	 previous	 studies,	 high	 variation	 in	 M. sexta-	
induced	JA	levels	were	observed	across	species	(Anssour	&	Baldwin,	
F IGURE  2  Impact	of	Manduca sexta	attack	on	regrowth	capacity	of	seven	solanaceous	plant	species.	Average	(±SE)	rosette	diameter	(a,	m,	p,	
s),	number	of	leaves	(d,	g,	j),	cumulative	branch	length	(b,	e,	h,	k,	n,	q,	t),	and	number	of	flowers	(c,	f,	i,	l,	o,	r,	u)	of	regrowing	Petunia axillaris	(a–c),	
Solanum peruvianum	(d–f),	Solanum lycopersicum	(g–i),	Nicotiana miersii	(j–l),	Nicotiana pauciflora	(m–o),	Nicotiana attenuata	(p–r),	and	Nicotiana 
obtusifolia	(s–u)	plants.	Asterisks	indicate	significant	differences	(*:p < .05;	**:	p < .01;	***:	p < .001)	between	W	+	OS-	treated	(n	=	19)	and	control	
plants	(n	=	19)	within	each	plant	species	and	time	point.	Control	(closed	squares):	intact	plants;	W	+	OS	(open	squares):	plants	treated	with	
wounding and M. sexta	oral	secretions	(simulated	M. sexta	attack)
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S. lycopersicum, and N. miersii,	 simulated	herbivory	 induced	JA	 levels	
below	0.7	μg/g	FW	(Figure	S2,	Table	S2),	while	JA	concentrations	in	
N. pauciflora,	N. attenuata, and S. peruvianum	reached	concentrations	
above	1.3	μg/g	FW	 (Figure	S2,	Table	S2).	 JA	and	JA-	Ile	 levels	posi-
tively,	but	weakly,	correlated	across	species	(Figure	S3).
3.4 | Manduca sexta- induced changes in JA levels and 
root carbohydrates are correlated across species
Linear	correlations	revealed	a	positive	relationship	between	M. sexta-	
induced	leaf	JA	levels	and	the	magnitude	of	M. sexta-	induced	changes	
in	root	carbohydrate	pools	(p < .001)	and	flower	production	(p = .03)	
across	 species	 (Figure	4a,b).	 In	 contrast,	 M. sexta-	induced	 leaf	
JA-	Ile	levels	did	not	correlate	with	root	carbohydrate	levels	(p = .166)	
or	 flower	production	 (p = .676)	 (Figure	4c,d).	Two-	dimensional	 com-
ponent	analysis	revealed	a	clear	grouping	effect	that	separated	non-
tolerant	from	tolerant	species	according	to	the	magnitude	of	induced	










F IGURE  3  Impact of M. sexta attack on root carbohydrate pools of seven solanaceous plant species.	Average	(±SE)	glucose	(a,	f,	k,	p,	u,	z,	ee),	
fructose	(b,	g,	l,	q,	v,	aa,	ff),	sucrose	(c,	h,	m,	r,	w,	bb,	gg),	starch	(d,	i,	n,	s,	x,	cc,	hh)	and	total	nonstructural	carbohydrates	(e,	j,	o,	t,	y,	dd,	ii)	of	


























Glucose Fructose Sucrose Starch
Total nonstructural 
carbohydrates
Root carbohydrates (mg/g FW)
Treatment: p < .001
Species: p < .001
T*S: p = .017
Treatment: p < .001
Species: p < .001
T*S: p = .026
Treatment: p = .009
Species p < .001
T*S: p = .014
Treatment: p = .697
Species: p < .001
T*S: p = .05
Treatment: p < .001
Species: p < .001
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We	 observed	 a	 strong	 grouping	 effect	 across	 M. sexta-	induced	
phenotypes	and	plant	species.	The	first	group	consists	of	plant	species	
which,	 in	 response	to	simulated	M. sexta	attack,	produce	high	 levels	
of	JA,	deplete	root	carbohydrate	reserves,	and	suffer	from	a	reduced	
regrowth	 capacity.	 The	 second	 group	 includes	 plant	 species	 which	










both	 regrowth	and	 root	carbohydrate	depletion	 is	 tightly	associated	










related	Nicotiana	 species.	The	pattern	 found	here	 is	 similar	 to	 the	
pattern	 of	 M. sexta-	induced	 defense	 traits	 observed	 in	 Solanum 
(Haak,	 Ballenger,	 &	Moyle,	 2014).	 Regulating	 tolerance	 through	 a	
major	stress	hormone	pathway	may	have	enabled	plants	to	rapidly	
change	 their	 defoliation	 tolerance	 in	 a	 changing	 environment	 as	




A	 phylogenetic	 study	 across	 36	 Asclepias	 species	 uncovered	
no	 clear	 correlation	 between	 resistance	 traits	 and	 regrowth	 ability	
(Agrawal	 &	 Fishbein,	 2008),	 and	 evidence	 is	 emerging	 that	 plants	
may	 employ	 mixed	 strategies	 to	 survive	 herbivore	 attack	 (Núñez-	
Farfán,	 Fornoni,	 &	Valverde,	 2007).	At	 first	 glance,	 our	 results	 may	
lead	to	the	conclusion	that	a	negative	association	between	resistance	
and	 defoliation	 tolerance	 would	 be	 very	 likely	 for	 the	 Solanaceae,	
as	 jasmonates	 regulate	 resistance	 traits	 positively	 (Jimenez-Aleman,	
Machado,	Baldwin,	&	Boland,	2017)	and	defoliation	tolerance	nega-
tively	 (Jimenez-	Aleman,	 Machado,	 Görls,	 Baldwin,	 &	 Boland,	 2015;	
Machado	et	al.,	2013).	However,	while	resistance	factors	are	in	large	
part	 controlled	by	JA-	Ile,	we	 found	 strong	negative	 correlations	be-
tween	JA,	but	not	JA-	Ile	and	defoliation	tolerance.	Could	JA	predom-
inantly	 regulate	 tolerance	 traits,	 by,	 for	 example,	 regulating	 carbon	
allocation	 (Machado	 et	al.,	 2015),	 while	 JA-	Ile	 regulates	 resistance	
traits?	Several	studies	suggest	specific	signaling	roles	of	JA	 (Li	et	al.,	
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M. sexta-induced leaf JA-Ile (μg/g FW)
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